Transcriptional R loops are anomalous RNA:DNA hybrids that have been detected in organisms from bacteria to humans. These structures have been shown in eukaryotes to result in DNA damage and rearrangements; however, the mechanisms underlying these effects have remained largely unknown. To investigate this, we first show that R-loop formation induces chromosomal DNA rearrangements and recombination in Escherichia coli, just as it does in eukaryotes. More importantly, we then show that R-loop formation causes DNA replication fork stalling, and that this in fact underlies the effects of R loops on genomic stability. Strikingly, we found that attenuation of replication strongly suppresses R-loop-mediated DNA rearrangements in both E. coli and HeLa cells. Our findings thus provide a direct demonstration that R-loop formation impairs DNA replication and that this is responsible for the deleterious effects of R loops on genome stability from bacteria to humans.
A transcriptional R loop is a structure in which a nascent transcript is hybridized with the template DNA strand, leaving the nontemplate strand unpaired. Such RNA:DNA hybrids have been detected in organisms from bacteria to humans under various physiological and/or pathological conditions (Li and Manley 2006) . A growing body of evidence has revealed an inherent impact of R loops on the integrity of genomes in eukaryotes (Li and Manley 2006; Aguilera and Gomez-Gonzalez 2008) . For example, R loops occur naturally in highly repetitive and GC-rich immunoglobulin gene switch (S) regions in mouse B cells, contributing to class switch recombination (CSR) (Yu et al. 2003; Huang et al. 2006) . In Saccharomyces cerevisiae, formation of R loops underlies transcription-associated hyperrecombination phenotypes in mutants affecting components of the THO complex, which functions to link transcription and mRNP assembly in yeast (Huertas and Aguilera 2003) . In chicken DT40 cells and human HeLa cells, R loops can accumulate in the absence of the SR splicing factor SRSF1 and lead to DNA double-strand breaks (DSBs) and DNA rearrangements (Li and Manley 2005) . Furthermore, a genome-wide siRNA screen in HeLa cells identified a group of mRNA processing factors that function in preventing R-loop-mediated DNA breaks, providing evidence that R-loop formation constitutes a broad source of genomic instability in human cells (Paulsen et al. 2009) .
R loops are known to form in organisms from bacteria to humans. Except in unusual situations such as CSR, they are deleterious, and cells employ a number of mechanisms to prevent their formation or eliminate them once formed (Li and Manley 2006) . One is to prevent the nascent RNA from reannealing with template DNA, and this is accomplished in eukaryotes by rapid association with factors such as the THO complex in yeast and SR proteins in mammals (Li and Manley 2005) , while translating ribosomes and Rho-mediated transcription termination serve this function in prokaryotes (Masse and Drolet 1999a; Broccoli et al. 2004) . Second, topoisomerase I (Top I) has been identified as an evolutionarily conserved factor that suppresses R-loop formation (Drolet et al. 1995; Tuduri et al. 2009; El Hage et al. 2010) . This is likely due to the ability of Top I to relieve negative supercoils, which can facilitate reannealing between the nascent transcript and template DNA strand by promoting opening of the DNA behind RNA polymerase (RNAP) (Drlica 1992; Drolet 2006) . Additionally, Top I has been reported to prevent R-loop formation by enhancing the assembly of mRNPs in a SRSF1-dependent manner in mammalian cells (Tuduri et al. 2009 ). Finally, R loops can be actively removed once formed. For example, the suppressive effect of RNase HI overexpression on R-loop-mediated growth defects and genome instability suggest that R-loop formation can be removed by RNase H-mediated degradation (Drolet et al. 1995; Huertas and Aguilera 2003; Li and Manley 2005) , and loss of RNase HI activity can provoke the SOS response in Escherichia coli (Kogoma et al. 1993) . It is also of note that a recent study by Mischo et al. (2011) showed that Sen1, an RNA:DNA helicase thought to be involved in transcription termination, can prevent the occurrence of R loops in yeast, suggesting a possible role for helicases in R-loop resolution.
Despite the strong correlation between R-loop formation and loss of genome stability in eukaryotes, the underlying mechanisms are largely unclear. Studies on mechanisms for CSR targeting in Ig genes suggest that activation-induced deaminase (AID), a factor specifically expressed in active B cells, introduces DNA lesions in ssDNA regions resulting from transcriptional R loops in S regions (Petersen-Mahrt et al. 2002; Rada et al. 2002; Bransteitter et al. 2003; Chaudhuri et al. 2003; Imai et al. 2003; Yu et al. 2003) . This likely initiates the process of CSR between the Sm and acceptor S regions, although some debate remains (Stavnezer et al. 2008) . Consistent with its proposed roles in R-loop-mediated genome instability, AID has the capacity to exacerbate transcription-dependent hypermutation and hyperrecombination phenotypes when expressed in yeast THO complex mutants (Gomez-Gonzalez and Aguilera 2007) . However, AID is predominantly expressed in active B cells at the germinal center (Muramatsu et al. 1999) . This raises the question of how transcriptional R-loop formation impairs genome integrity in AID-lacking cells, such as SRSF1-depleted HeLa cells.
It is also possible that R loops can induce genomic instability by interfering with DNA replication. Indeed, a growing body of evidence demonstrates that genomes are particularly vulnerable when undergoing replication (Labib and Hodgson 2007; Szilard et al. 2010 ). Aguilera and colleagues (Huertas and Aguilera 2003; Wellinger et al. 2006 ) have shown that R-loop-mediated hyperrecombination occurs concomitantly with a transcription-dependent slowdown of replication fork progression in plasmid-borne constructs in yeast hpr1D mutants. Tuduri et al. (2009) reported that depletion of Top I in mammalian cells resulted in transcription-dependent and RNase H-sensitive DNA breaks and replication defects. Notably, both the transcription-associated recombination phenotype in yeast hpr1D cells and DNA breaks resulting from Top I deficiency in mammalian cells occurred predominantly in S phase, suggesting a correlation between replication and R-loop-mediated genome instability. However, it remains unclear whether such R-loop-associated replication defects in fact account for the R-loop-mediated genomic instability that occurs in these cells.
Here we describe experiments establishing an evolutionarily conserved mechanism underlying R-loop-mediated genomic instability. We first present evidence that transcription through a fragment of the mouse Ig gene Sg3 region in its physiological orientation results in R-loopmediated DNA rearrangement and recombination in E. coli, indicating that transcriptional R-loop formation is a conserved threat to genome integrity throughout evolution. We further show, by analysis of the pattern of replication intermediates, that R-loop formation impedes replication fork progression and that the impact of R loops on genome stability is in fact dependent on the presence of active replication in both E. coli and SRSF1-depleted vertebrate cells. Our data establish that impairment of replication is an evolutionarily conserved mechanism that underlies the catastrophic effects of R loops on genome stability.
Results
Transcription through mouse Ig gene Sg3 region in its physiological orientation results in plasmid loss and growth defects in E. coli To continue our studies on the mechanisms of R-loop formation, we initially set out to clone a fragment of the mouse Ig gene Sg3 region in an E. coli expression plasmid. However, we found that the Sg3 region could only be inserted in the direction opposite to its physiological orientation relative to the lacZ promoter in the pBluescriptII KS vector. It has been documented that transcription through the S region in its physiological orientation results in formation of R loops both in vitro and in vivo (Reaban et al. 1994; Tian and Alt 2000; Yu et al. 2003; Duquette et al. 2004) , and that R-loop formation is indeed a major problem linked to growth defects observed in E. coli cells deficient in Top I and in the dinG helicase mutant that carries a chromosomal inversion of the rRNA operons (Drolet et al. 1995; Boubakri et al. 2010) . We therefore suspected that transcription of Sg3 driven by the constitutively active lacZ promoter resulted in R-loopassociated growth defects, and that this ultimately eliminated cells transformed with plasmids containing the Sg3 fragment in its physiological orientation relative to the lacZ promoter. To test this idea, we constructed plasmids carrying a fragment of the mouse Sg3 region downstream from the IPTG-inducible P tac promoter (Fig. 1A) . In this context, the Sg3 region was successfully inserted downstream from the P tac promoter in both orientations at roughly equal efficiency (data not shown). Addition of IPTG had no observable effect on the growth of cells transformed with pPtac or pPtac-Sg3-R (reverse) plasmids. However, induction of transcription with IPTG resulted in a significant growth arrest in cells transformed with the pPtac-Sg3-F (forward) plasmid (Fig. 1B, top panel) . Remarkably, the pPtac-Sg3-F transformed cells were completely eliminated on plates bearing both IPTG and ampicillin (Amp) (Fig. 1B, bottom panel) . As the amp resistance gene was carried by the pPtac-Sg3-F plasmid, these results indicate that transcription through Sg3 regions resulted in severe plasmid loss in a manner dependent on the orientation of transcription. Transcription through a plasmid-borne Sg3 region in its physiological orientation induces cell growth defect, plasmid loss, and SOS damage response in E. coli. (A) Schematic diagram of pPtac, pPtac-Sg3-F, and pPtac-Sg3-R plasmids. Positions of the P tac promoter, transcription terminus, Sg3 region, and amp resistance gene are indicated. (B) Determination of the viability of transformants in the presence or absence of 0.1 mM IPTG. E. coli K-12 BW25113 cells were transformed by pPtac, pPtac-Sg3-F, or pPtac-Sg3-R plasmids, respectively. A single colony from each transformant was inoculated into LB with 100 mg/mL Amp. Tenfold dilutions of overnight cultures were grown on LB plates containing 0.1 mM IPTG and/or 100 mg/mL Amp. (C) Sg3 transcription in its physiological orientation activates the SOS-inducible sulA promoter. pPtac-Sg3-F or pPtac-Sg3-R was transformed into an E. coli SMR8379 strain in which a chromosomally located gfp gene is under the control of a SOS-inducible sulA promoter. Transformants were cultured in the presence or absence of 1 mM IPTG for 30 min and allowed to recover for 2 h. Induction of the SOS-DNA damage response by transcription of the Sg3 region R-loop formation is known to impair DNA integrity in eukaryotes, but has not been documented in prokaryotes. The fact that transcription of Sg3 resulted in plasmid loss in E. coli cells led us to suspect that transcription through the Sg3 region in its physiological orientation might induce DNA damage. To test this, we first employed the sulAp-gfp reporter system to measure the DNA damageinduced SOS response in single living E. coli cells in the presence or absence of Sg3 transcription (McCool et al. 2004; Pennington and Rosenberg 2007) . For this, pPtacSg3-F and pPtac-Sg3-R plasmids were transformed into the E. coli strain SMR8379 (Supplemental Table S1 ), which contains a chromosomally located gfp reporter gene under control of the SOS-inducible sulA promoter (Pennington and Rosenberg 2007) . If transcription through the Sg3 region results in SOS response-inducing DNA damage, the cells will be fluorescent green. As shown in Figure 1C , 30-min IPTG exposure induced a significant increase in the expression of GFP in cells carrying the pPtac-Sg3-F plasmid (from 3.2% to 21.0%, P < 0.0001), but not in cells carrying the pPtac-Sg3-R plasmid (from 3.2% to 3.4%, with no statistical significance). Consistent with activation of the SOS response, IPTG caused filamentous growth of cells carrying the pPtac-Sg3-F plasmid, but not of cells carrying pPtac-Sg3-R ( Fig. 1C ; data not shown). Filamentous growth is one of the well-documented manifestations of the SOS response, resulting from induction of sulA expression (Walker 1985) . These data suggest that transcription through the Sg3 region in its physiological orientation in E. coli induces the SOS-DNA damage response.
We next wished to obtain direct evidence that an SOS response is indeed activated upon transcription of the Sg3 region. The SOS response is initiated when RecA-ssDNA filaments stimulate autocleavage of the transcriptional repressor LexA, which in turn activates expression of >40 SOS response genes (Little and Mount 1982; Janion 2008) . We therefore examined the integrity of the LexA repressor after induction of Sg3 transcription. Consistent with the activation of the sulA promoter described above, addition of IPTG resulted in a significant decrease in the level of intact LexA repressor in whole-cell extracts from strains carrying pPtac-Sg3-F, but not in extracts from cells carrying pPtac-Sg3-R (Fig. 1D ). In agreement with the degradation of LexA, the mRNA levels of two SOS genes, the sulA and umuC genes, were markedly increased in cells with Sg3 transcription in its physiological orientation (Fig. 1E, bottom panel) . Both the sulA and umuC genes contain strong SOS boxes with high affinity for LexA and are only transcriptionally activated when the LexA concentration is significantly reduced after high or persistent SOS induction (Michel 2005) . The increase in the amount of transcripts of the two SOS genes was specific and significant because the mRNA levels of the rrnA gene, a constitutively expressed housekeeping gene, were comparable among samples (Fig. 1E) . It is also noteworthy that the sulA gene encodes an inhibitor of cell division, and that the umuC gene encodes a subunit of the mutagenic DNA repair polymerase PolV. These data suggest that induction of SOS gene expression underlies the growth defect and filamentation phenotypes observed in E. coli cells with active Sg3 transcription. Together, these results provide strong evidence that transcription through a plasmid-borne Sg3 region in its physiological orientation activates the SOS-DNA damage response in E. coli.
Transcription through the Sg3 region induces DNA rearrangements in the E. coli chromosome
We next wished to determine whether transcription through the Sg3 region in fact impairs the integrity of the E. coli genome. To this end, we constructed two derivatives of E. coli strain BW25113-lacZTP T7 -Sg3-F and lacZTP T7 -Sg3-R-by integrating a bacteriophage T7 promoter and a 1.2-kb fragment of the Sg3 region into the E. coli chromosome in the lacZ locus in both orientations relative to the T7 promoter ( Fig. 2A ). An IPTG-inducible T7 RNAP expression construct was then introduced into these cells. After IPTG exposure for various times, chromosomal DNA was purified and digested with NotI endonuclease in agarose plugs. Digested DNAs were subjected to pulsed-field gel electrophoresis (PFGE), followed by Southern blot analysis using the probes shown in Figure  2A . Analogous to the parental strain BW25113, IPTG treatment had no effect on the integrity of the chromosomal DNA in the lacZTP T7 -Sg3-R strain (Fig. 2B , lanes 1-4,9-12). However, the amount of a 357-kb DNA fragment, which contains the Sg3 transcription unit, was modestly but repeatedly decreased in samples from the lacZTP T7 -Sg3-F strain in a time-dependent manner after IPTG addition (Fig. 2B, lanes 5-8) . Strikingly, a slowly migrating band, designated as the ''starlet band,'' was detected by probe 1 in the samples from the lacZTP T7 -Sg3-F strain as early as 15 min after IPTG addition (Fig. 2B, . The starlet band was specifically induced by transcription of the Sg3 region in its physiological orientation, as it was absent in samples from the parental strain and the lacZTP T7 -Sg3-R strain at all time points tested after IPTG addition (Fig. 2B , lanes 1-4,9-12).
The starlet band could reflect a DNA rearrangement event induced by Sg3 transcription or a mobility shift of the 357-kb DNA fragment due to either the presence of associated transcripts or a DNA conformation change. To distinguish between these possibilities, we first treated the NotI-digested DNA agarose plugs with RNase A-, RNase H-, or ssDNA-specific nucleases prior to PFGE. The results showed that the starlet band was resistant to all of the nuclease treatments except for a 60-min incubation with mung bean nuclease (MBn). While MBn is a nuclease that prefers ssDNA over dsDNA, MBn has the capacity to degrade dsDNA upon longer incubations (http:// www.neb.com/nebecomm/products/faqproduct M0250. asp). Because the signals in both the starlet band and the 357-kb band were decreased after the 60-min MBn treatment, and because both bands were resistant to a 15-min MBn treatment, we conclude that the degradation observed upon the 60-min MBn treatment was not due to the appearance of a ssDNA region in the starlet band. , lacZTP T7 -Sg3-F, and lacZTP T7 -Sg3-R strains were grown in the presence of 1 mM IPTG for the indicated times. Genomic DNAs from these strains were purified in agarose plugs and digested with NotI. Digested DNAs were subjected to PFGE and Southern blot analysis with probe 1 (top panel) and probe 2 (bottom panel), respectively. Sizes of targeted DNA fragments are indicated. The starlet band, a slowly migrating band detected by probe 1, is indicated by an asterisk. (C) RNA-and ssDNA-specific nuclease treatments have no effect on the migration of the starlet band. The lacZTP T7 -Sg3-F strain was grown in the presence of 1 mM IPTG for 30 min. NotI-digested DNAs were subsequently treated with RNase A (RN-A), RNase H (RN-H), mung bean nuclease (MBn), T7 exonuclease (T7 exo), or exonuclease T (Exo T), respectively, for the indicated times prior to PFGE. Southern blot analysis was performed as described above. (D) The RecBCD recombination pathway is required for the appearance of the starlet band. NotI-digested DNAs from lacZTP T7 -Sg3-F, lacZTP T7 -Sg3-FDrecBC, and lacZTP T7 -Sg3-FDrecBCD strains were subjected to PFGE and Southern blot analysis as described above. (E) A DNA rearrangement event appears in the Sg3 region upon induction of Sg3 transcription in its physiological orientation. The lacZTP T7 -Sg3-F strain was grown in the presence of 1 mM IPTG for the indicated times. DNAs were digested with NdeI, NdeI plus HindIII, or NdeI plus EcoRV, respectively, and hybridized with probe 3 specific to the lacY gene located immediately upstream of the Sg3 transcription unit in the chromosome of the lacZTP T7 -Sg3-F strain.
Taken together, these data indicate that neither transcripts of the Sg3 region nor DNA conformation affect the mobility of the starlet band (Fig. 2C ). In contrast, consistent with the model that the appearance of the starlet band reflects a DNA rearrangement, the amount of the starlet band markedly decreased in recBC-and recBCDnull mutant derivatives of the lacZTP T7 -Sg3-F strain upon IPTG induction (Fig. 2D) , indicative of the involvement of the RecBCD recombination pathway in its formation.
The above data indicate that activation of Sg3 transcription induces a DNA rearrangement, reflected in the appearance of the starlet band. To investigate this further, we next asked where in the E. coli genome the rearrangement occurs. To this end, genomic DNAs from cells with or without 30-min IPTG exposure were digested with NdeI, NdeI plus HindIII, or NdeI plus EcoRV (see Fig. 2E , top panel). Digested DNAs were subjected to Southern blot analysis using a probe specific for the lacY gene, which is located immediately upstream of the Sg3 transcription unit in the chromosome of the lacZTP T7 -Sg3-F strain (Fig. 2E, top panel) . Consistent with the data presented above, Sg3 transcription resulted in a significant decrease in the amount of the DNA fragment carrying the lacY gene and in the appearance of a slowly migrating band in both the Nde I-digested and the NdeI plus EcoRV-digested samples (Fig. 2E , lanes 1,2, and 5,6, respectively). However, neither the decrease of the lacY-containing fragment nor the appearance of the slowly migrating band was observed in the NdeI plus HindIII-digested samples (Fig. 2E , lanes 3,4). As there is only one HindIII site, located immediately upstream of the Sg3 region, in the targeted NdeIEcoRV fragments from the chromosome of the lacZTP T7 -Sg3-F strain, these data indicate that a DNA rearrangement event occurred in the Sg3 region upon transcription of Sg3 in its physiological orientation.
Transcription of the Sg3 region stimulates homologous recombination in an orientation-dependent manner
We next wished to determine whether transcription of the Sg3 region provokes DNA recombination in the E. coli chromosome. To this end, two incomplete copies of the kanamycin resistance (kan) gene with 240-base-pair (bp) direct repeats were inserted into the genome of the lacZTP T7 -Sg3-K-F and lacZTP T7 -Sg3-K-R strains, respectively (Fig. 3A , top and middle panels). Given that a homologous recombination event between the two nonfunctional copies restores Kan resistance, recombination rates can be measured by the number of Kan-resistant colonies. To determine whether transcription of the Sg3 region induces Kan resistance, vector alone or an IPTG-inducible T7 RNAP expression construct was first introduced into these strains. Transformants were subcultured in the presence of IPTG for 30 min, allowed to recover for 1 h, and then plated on Kan-containing LB plates to select cells with a functional kan gene. As shown in Figure 3B , Kan-positive recombination rates were similar in both strains in the absence of T7 RNAP. Strikingly, compared with the lacZTP T7 -Sg3-K-R strain, the recombination rate was significantly increased in the lacZTP T7 -Sg3-K-F strain in the presence of T7 RNAP (Fig. 3B) . Although transcription of Sg3 is codirectional with replication in the lacZT P T7 -Sg3-K-R strains, the difference in recombination rates was not due to the fact that transcription of Sg3 is head-on with replication in the lacZTP T7 -Sg3-K-F strains, as the recombination rate in the lacZTP T7 -luc-K strain, which contains a T7 promoter-driven luciferase (luc) gene headon with replication, was actually slightly lower than that of the lacZTP T7 -Sg3-K-R strain upon induction of T7 RNAP expression (Fig. 3A [bottom panel] , B). In agreement with the involvement of homologous recombination events in reconstruction of the kan gene, the increase of Sg3 transcription-induced Kan-positive recombination rates in a recA-null mutant derivative of the lacZTP T7 -Sg3-K-F strain was ;10-fold lower than that in the parental lacZT P T7 -Sg3-K-F strain (Supplemental Fig. S1 ). Together, these data indicate that transcription through the Sg3 region in its physiological orientation significantly increased the homologous recombination rate in the surrounding chromosomal regions.
RNase H overexpression suppresses chromosomal DNA rearrangement and recombination resulting from Sg3 transcription
The above data reveal that transcription through a chromosomally located Sg3 fragment impairs the integrity of the E. coli genome, reflected in the rapid appearance of DNA rearrangement and recombination events in chromosomal regions surrounding the Sg3 transcription unit. As transcription through the S region results in the formation of R loops, which have been demonstrated to have deleterious effects on genomic integrity in eukaryotes (Huertas and Aguilera 2003; Li and Manley 2005; Paulsen et al. 2009) , we asked whether the DNA rearrangement and recombination events induced by Sg3 transcription in E. coli are indeed attributable to R-loop formation. If this were the case, destroying R loops by overexpression of RNase H would be expected to suppress these phenotypes. To test this, we introduced vector alone or an E. coli RNase HI expression construct into the lacZTP T7 -Sg3-F strain. Southern blot analysis was performed to measure the amount of the starlet band resulting from a DNA rearrangement event induced by Sg3 transcription. As shown in Figure 4A , while the starlet band was induced by Sg3 transcription in vectoralone transformants (lanes 1-3), it disappeared completely in cells overexpressing RNase H (lanes 4-6).
We next examined whether RNase H overexpression suppressed Sg3 transcription-induced DNA recombination by using reconstitution of Kan resistance as an indicator. To this end, T7 RNAP expression constructs, together with empty vector or the RNase HI expression plasmid, were introduced into the lacZTP T7 -Sg3-K-F strains. Compared with the vector-alone transformants, overexpression of RNase H resulted in an ;750-fold decrease in the rate of recombination between direct repeats in the two incomplete copies of the kan gene that was induced by Sg3 transcription (Fig. 4B ). This correlates well with the decrease in the amount of the starlet band detected in the Southern blot analysis (Fig. 4A) . Together, these results demonstrate that R-loop formation accounts for the negative effect of Sg3 transcription on the integrity of the E. coli genome.
Transcription through a plasmid-borne Sg3 region provokes R-loop-mediated replication fork stalling
The above data, together with previous studies, indicate that R-loop formation constitutes a threat to genome stability conserved from E. coli to humans. We next wished to investigate the mechanism of this evolutionarily conserved phenomenon. One possibility is suggested by the fact that R-loop formation has the capacity to impair transcription elongation (see the Discussion). The halted or slowed transcription machinery might in turn block the progression of DNA replication . A possible outcome of this could be replication fork stalling and the resultant impairment of DNA integrity (Mirkin and Mirkin 2007) . We therefore asked whether transcription through the Sg3 region could lead to R-loopinduced replication fork stalling.
We first examined whether Sg3 transcription could impede replication fork progression in plasmid-borne constructs. To this end, we used two-dimensional (2D) gel electrophoresis to analyze the pattern of replication intermediates on the pPtac-Sg3-F and pPtac-Sg3-R plasmids in the presence or absence of IPTG. Transcription of the Sg3 region in both plasmids is orientated codirectionally with replication from the ColE1 origin to eliminate the inhibitory effect of head-on transcription on replication fork progression (French 1992 ; Liu and Alberts 1995; Pomerantz and O'Donnell 2010; Srivatsan et al. 2010) . As ColE1 is a unidirectional origin, the replicating plasmid, cleaved upstream of the origin and downstream from the Sg3 region, should be a bubble-shaped, Y-shaped, or X-shaped structure. If a replication fork stalls around the Sg3 transcription unit, the bubble-shaped intermediates will accumulate, and this should lead to the appearance of a bulge on the bubble arc. To test this, the transformants were grown in the presence or absence of IPTG for 30 min. Plasmid DNAs were purified and subjected to CaiI and PstI digestion (Fig. 5A) . Replication intermediates were analyzed by 2D gel electrophoresis followed by Southern blot analysis using a probe specific for the lacI gene, which is located immediately upstream of the Sg3 insertion. As shown in Figure 5B , induction of Sg3 transcription resulted in a sharp increase of bubble-shaped replication intermediates in the pPtac-Sg3-F plasmid, reflected in the accumulation of a bulge on its bubble arc in a time-dependent manner. In contrast, no visible bulge appeared in the bubble arc when Sg3 transcription was induced in the pPtac-Sg3-R plasmid (Supplemental Fig. S2A ,B, bottom right panel). These data indicate that transcription through the Sg3 region in its physiological orientation blocks replication fork progression.
We next wished to determine whether transcriptioninduced replication fork blockage resulted from R-loop formation. To test this, we introduced an arabinose-inducible RNase H expression construct into cells carrying the pPtac-Sg3-F plasmid. The intensity of hybridization signals in the bulge was normalized among samples by comparison with that of its nearby region on the same bubble arc, and this generates an index of fork stalling. As shown in Figure 5C , in contrast to the cells that were grown in the presence of glucose (without arabinose), RNase H overexpression significantly alleviated transcription-induced replication fork stalling, reflected in the appearance of a 77% decrease in the fork stalling index in cells that were grown in the presence of 0.01% arabinose (Fig. 5C ). These data indicate that transcription of a plasmid-borne Sg3 induces R-loop-mediated replication fork stalling.
Active replication is required for Sg3 transcriptioninduced chromosomal rearrangements
The fact that transcription through a plasmid-borne Sg3 fragment blocks replication fork progression raises the possibility that the effect of R-loop formation on the integrity of the E. coli genome might be replicationdependent. To test this possibility, we constructed a derivative of the lacZTP T7 -Sg3-F strain, lacZTP T7 -Sg3-F dnaA46(TS) tnaATTn10, bearing a temperature-sensitive dnaA gene (Pennington and Rosenberg 2007) . As initiation of chromosomal DNA replication is mediated by dnaA, new rounds of chromosomal DNA replication from oriC cannot be initiated in the dnaA(TS) mutant at the nonpermissive temperature (42°C) (Hirota et al. 1970) . We then asked whether inactivation of dnaA could in fact suppress R-loop-mediated chromosomal DNA rearrangement upon induction of Sg3 transcription. For this, cells were grown for 2.5 h at 30°C or 42°C before addition of IPTG. When replication was permitted in dnaA(TS) mutants at 30°C, IPTG treatment induced the appearance of the starlet band at a level comparable with that in the strain carrying the wild-type dnaA gene (Fig. 5D, lanes 1-4) . However, while temperature shift had no effect on formation of the starlet band in the wild-type strains, the starlet band disappeared in the dnaA(TS) mutants when the cells were grown at 42°C (Fig. 5D, lanes 5-12) . These results indicate that the effect of Sg3 transcription on E. coli genomic integrity is dependent on the presence of active replication.
Active replication is required for SRSF1 depletioninduced DNA damage in vertebrate cells
The data presented above has revealed that R-loop formation impairs genomic integrity in a replication-dependent manner in E. coli. Given that R loops pose a conserved threat to genomic stability throughout evolution, an important question is whether replication impairment is a general mechanism underlying R-loopmediated genomic instability in other species. As our previous studies have established that depletion of splicing factor SRSF1 results in R-loop-mediated genomic instability, reflected by the appearance of DSBs, in both chicken DT40 cells and human HeLa cells (Li and Manley 2005) , we first wished to determine whether SRSF1 depletion results in R-loop-mediated replication fork stalling in HeLa cells. To this end, we took advantage of a stable HeLa cell derivative, HeLa-HRH, which contains a tetracycline (tet) transactivator (tTA) expression cassette and a copy of the human RNase HI cDNA driven by a tet-repressible promoter (F Yang, Y Wei, J Tu, J Liu, Y Zhai, and X Li, unpubl.). Thus, expression of exogenous RNase H could be simply activated in these cells by withdrawal of doxycycline (dox) from the medium. After growth in the presence or absence of dox for 72 h, HeLa-HRH cells were transfected with either an SRSF1 (siSRSF1) or control (siNC) siRNA duplex for 60 h and subjected to two sequential rounds of 30-min pulse-labeling with different halogenated nucleotides before harvest. Genomic DNA was then purified in agarose plugs and stretched onto silanized glass slides by molecular combing (Michalet et al. 1997 ). Replicating DNA molecules were detected by immunofluorescence with antibodies against CldU (Fig. 6A, red) and IdU (Fig. 6A, green) . As shown in Figure 6A , an ongoing Southern blot analysis of chromosomal regions surrounding the Sg3 transcription unit. The lacZTP T7 -Sg3-F strain was transformed with vector or an RNase H expression construct, respectively. Transformants were grown in the presence of 1 mM IPTG for the indicated times and subjected to Southern blot analysis as described above. (B) The lacZTP T7 -Sg3-K-F strain was transformed with vector, an RNase H expression construct, vector plus a T7 RNAP expression construct, or RNase H plus T7 RNAP expression constructs, respectively. Transformants were grown in the presence of 1 mM IPTG for 30 min, allowed to recover for 1 h, and then plated on Kan-containing LB plates to select for cells carrying the functional kan resistance gene. Relative rates of recombination were calculated and are shown in the graph. Error bars represent the average deviation from three independent experiments. replication fork is represented as a double-halogenated nucleotide-labeled track. The genomic DNAs were visualized with a third fluorescently labeled antibody against ssDNA (Fig. 6A, blue) .
Fork stalling leads to asymmetrical forks that contain unequal IdU and CldI tracks (Lebofsky et al. 2006) . We therefore used the asymmetry factor (AF), which is calculated as the ratio of the longest halogenated nucleotide track to the shortest one in each ongoing fork, to quantify replication fork stalling in cells transfected with siSRSF1 or siNC (Letessier et al. 2011) . As shown in Figure 6B , in the presence of dox, the mean value of the AF significantly increased in the siSRSF1 transfected cells as compared with that in the cells transfected with control siRNA (from 1.13 to 1.64, P < 0.0001), indicating that SRSF1 depletion significantly increases replication fork stalling. Strikingly, withdrawal of dox resulted in a 70.6% reduction in the AF in siSRSF1-treated cells (from 1.64 to 1.28, P < 0.0001) (Fig. 6B) , indicating that RNase H overexpression markedly suppressed SRSF1 depletion-induced fork stalling in HeLa cells.
We next wished to determine whether replication impairment accounts for the formation of DSBs in HeLa cells upon SRSF1 depletion. To this end, HeLa cells were first treated with siSRSF1 or siNC for 2 d and then subjected to a 30-min 10 mM EdU pulse-labeling before harvest (Salic and Mitchison 2008) . Consistent with a striking increase in levels of phosphorylated histone H2AX (g-H2AX) in SRSF1-depleted cells, as described previously (Li and Manley 2005) , we observed a sharp increase in the number of cells with more than five nuclear g-H2AX foci (Fig. 6C) . g-H2AX foci are one of the earliest DNA damage repair foci to occur at DSBs (Rogakou et al. 1998) . Notably, SRSF1 depletioninduced g-H2AX foci appeared predominantly in the Wild-type lacZTP T7 -Sg3-F strain (WT) and lacZTP T7 -Sg3-F dnaA46(TS) tnaATTn10 strain [dnaA(TS)] were grown for 2.5 h at 30°C or 42°C prior to IPTG treatment for the indicated times. Genomic DNAs from these strains were then purified in agarose plugs and digested with NotI. Digested DNAs were subjected to PFGE and Southern blot analysis with probe 1 (top panel) and probe 2 (bottom panel) as described in Figure 2A . Sizes of targeted bands are indicated. The starlet band is indicated by an asterisk.
EdU-positive cells, suggesting that loss of SRSF1 induced an S-phase-dependent DNA damage response.
To confirm that SRSF1 depletion-induced DNA damage indeed occurred in S phase, we constructed a stable HeLa cell derivative, HeLa-mAG-hGEM, which carries an expression cassette of the mAG fluorescent proteintagged truncated form of human Geminin (mAG-hGEM). Analogous to endogenous Geminin, levels of mAG-hGEM are tightly regulated by ubiquitin-mediated proteolysis in a cell cycle-dependent manner (Sakaue-Sawano et al. 2008) . Thus, mAG-hGEM is highly expressed during S, G2, and M phases and is completely degraded at the end of mitosis. The amount of mAG-hGEM thus functions as an indicator for the cell cycle transition from G1 to S phase (Sakaue-Sawano et al. 2008) . Similar to what was observed in the EdU pulse-labeled cells, the number of cells with g-H2AX foci markedly increased in the population expressing mAG-hGEM upon SRSF1 depletion (Fig. 6D) . Strik- ingly, compared with cells treated with the control siRNA, SRSF1 siRNA treatment did not exacerbate g-H2AX foci formation in the mAG-hGEM-negative cells, which were at the G1 phase of the cell cycle.
We next wished to obtain evidence that active replication is indeed required for the generation of DNA damage in SRSF1-depleted cells. For this, HeLa cells transfected with control or SRSF1 siRNA for 48 h were grown in the presence or absence of 5 mM PHA767491, a CDC7 kinase inhibitor (Montagnoli et al. 2008 ), for 6 h and then subjected to a 30-min EdU pulse label prior to harvest. PHA767491 treatment sharply decreased the number of EdU-positive cells in both control and SRSF1 siRNA transfected cells (Supplemental Table S2 ), consistent with the essential role of Cdc7 in replication origin firing and some previous reports (Bell and Dutta 2002; O'Donnell et al. 2010) . Remarkably, compared with control DMSOtreated cells, PHA767491 treatment significantly decreased the percentage of g-H2AX foci-positive cells (from 34.7% to 17.6%, P < 0.0001) upon SRSF1 depletion, indicating that active replication is required for the appearance of DSBs in SRSF1-depleted cells (Fig. 6E) .
We previously constructed a derivative of chicken DT40 cells, DT40-ASF, in which the only copy of the SRSF1 gene is a human cDNA under the control of a tet-repressible promoter (Wang et al. 1996) . Addition of tet results in in vivo depletion of SRSF1. Analogous to what was observed in siSRSF1-treated HeLa cells, tet treatment induced a striking increase in the number of g-H2AX foci in EdUpositive DT40-ASF cells (from 2.86% to 23.4%, P < 0.0001) ( Figure 6F ). The appearance of g-H2AX foci was also sensitive to PHA767491 treatment in DT40-ASF cells (31.4% in DMSO-treated cells and 17.9% in PHA767491-treated cells, P < 0.0001) (Fig. 6F) . Notably, a significant fraction of g-H2AX-positive cells (25.7%) appeared in the EdU-negative population and was resistant to PHA767491 treatment in SRSF1-depleted DT40-ASF cells (Fig. 6F) , indicating that there is at least one other mechanism underlying SRSF1 depletion-induced DNA damage in DT40 cells.
Taken together, these data strongly support the notion that SRSF1 depletion induced the replication-dependent DNA damage in both chicken DT40 and human HeLa cells.
Discussion
Our experiments provide significant new insights into the evolutionarily conserved phenomenon of transcription-induced R loops and the mechanism by which they can lead to genomic instability. The data presented here indicate that R-loop formation can have a striking negative impact on genome integrity in E. coli. We also found in both E. coli and HeLa cells that the impact of R-loop formation on genome stability is dependent on active DNA replication, indicative of a cause-effect relationship between replication impairment and R-loop-mediated genomic instability. From these experiments, we conclude that creation of an impediment to replication fork progression is an evolutionarily conserved mechanism underlying R-loop-induced genomic instability (Fig. 7) . Below, we discuss how R-loop formation blocks replication fork progression and how this in turn leads to genome instability in an evolutionarily conserved manner.
Early evidence for in vivo transcriptional R-loop formation was obtained with E. coli strains containing mutations affecting the TopA gene (Drolet et al. 1995; Masse et al. 1997; Masse and Drolet 1999b) . Consistent with our observations, formation of cotranscriptional R loops was demonstrated to be a major problem linked to growth defects in topA mutants (Drolet et al. 1995; Drolet 2006) . A recent study by Boubakri et al. (2010) has also shown that formation of R loops impairs viability of the dinG helicase mutant strain that contains a chromosomal inversion of the rRNA operons. However, it remained unclear whether R-loop-mediated genomic instability occurs in E. coli. Our data thus provide the first evidence showing that transcriptional R-loop formation can impair genome integrity in prokaryotes. Together with previous studies in yeast and vertebrate cells, our results establish that R-loop formation presents an obstacle to the maintenance of genome stability throughout evolution.
A key aspect of our findings is that active replication is in fact required for R-loop-mediated genomic instability in both E. coli and SRSF1-depleted vertebrate cells. Previous studies in yeast (Huertas and Aguilera 2003; Wellinger et al. 2006 ) and mammals (Tuduri et al. 2009 ) detected a correlation between replication and R-loop-mediated genomic instability (see above). Gomez-Gonzalez et al. (2009) have reported that R-loop-forming yeast THO-null mutants require functional S-phase checkpoint functions for survival under replicative stress. Our data show that, even in the absence of exogenous replication stress, persistent R-loop formation leads to DNA damage and rearrangements in a replication-dependent manner. Furthermore, our 2D analysis of replication intermediates in E. coli and DNA combing analysis of replication fork progression in HeLa cells provide direct evidence indicating that R loops are intrinsic impediments to replication fork progression. As a stalled replication fork, if not properly processed, can result in loss of genome integrity (Aguilera and Gomez-Gonzalez 2008; Branzei and Foiani 2009) , we conclude that blockage of replication fork progression is a general, evolutionarily conserved mechanism that explains the deleterious effects of transcription-coupled R-loop formation on genome stability. A significant question is: How mechanistically do R loops impede replication? One possibility is raised by observations that R-loop formation impairs transcription elongation both in vitro and in vivo. For example, Hraiky et al. (2000) observed that rRNA synthesis was significantly decreased in E. coli topA-null cells due to transcriptional blocks, and overexpression of RNase H effectively reduced this phenotype. Likewise, Huertas and Aguilera (2003) demonstrated that cotranscriptional R-loop formation impairs transcription elongation in yeast hpr1 mutant cells. Finally, a preformed RNA:DNA hybrid in a plasmid-borne transcription template reduces RNAP progression in vitro (Tous and Aguilera 2007) . Although the impact of R loops on transcription in mammalian cells remains to be determined, it is of note that SR proteins, which play crucial roles in preventing R-loop formation in mammalian cells, have been shown to be important for efficient transcription elongation (Das et al. 2007; Lin et al. 2008) . As the stalled transcription machinery could be an obstacle to replication (French 1992; Prado and Aguilera 2005; Mirkin and Mirkin 2007; Azvolinsky et al. 2009; Tehranchi et al. 2010; Merrikh et al. 2011) , we propose that R-loop formation interferes with replication fork progression by provoking conflicts between the ongoing replication fork and the stalled transcription apparatus.
Our data showed that transcriptional R loops lead to genomic instability by interfering with DNA replication fork progression. However, stable and extensive R loops occur naturally in S regions of the Ig gene in mouse and likely other mammalian B cells undergoing CSR (Yu et al. 2003; Huang et al. 2006) . S regions are normal components of mammalian genomes, and CSR is a natural process in the generation of antibody diversification in B cells (Maizels 2005) . A considerable body of evidence demonstrates that formation of R loops by activating the promoter upstream of an acceptor S region is indeed required for a specific CSR targeting event (Jung et al. 1993; Xu et al. 1993; Bottaro et al. 1994 ). An important question is how the deleterious effects of R-loop formation on genome stability are restricted strictly to the active B cells that are stimulated by pathogens. Previous studies revealed that cells have evolved at least two safeguard systems to address this challenge. First, the promoters that exist upstream of S regions are only activated when B lymphocytes receive a specific extracellular cytokine signal (Stavnezer et al. 2008) . Thus, formation of R loops in S regions is confined to a subset of B cells in the germinal center. Second, it has been well documented that transcription through the S region is necessary but not sufficient to confer genetic alteration to the IgH constant region (C H ). AID, which is specifically expressed in active B cells, is also essential for the initiation of CSR in IgH (Muramatsu et al. 2000; Okazaki et al. 2002; Longerich et al. 2006) . Thus, mechanisms for restricting AID expression to active B cells provide an important layer to the control of the risk of genome instability that is associated with R-loop formation in S regions. However, our data presented here suggest that there should be additional mechanisms for preventing the impediment posed by R loops on DNA replication at the C H region in active B cells. Consistent with this possibility, Petersen et al. (2001) observed that DNA damage associated with CSR, reflected in the appearance of DSBs at the C H region, occurs predominantly in the G1 phase of the cell cycle in cells undergoing CSR. It will be of great interest in the future to determine whether germline transcription and/or formation of R loops in S regions are in fact temporally separated from active replication in cells undergoing CSR.
The data presented in this study indicate that cotranscriptional R-loop formation poses a significant barrier to DNA replication and genome stability in cells from bacteria to humans. It is likely that R loops have a propensity to form at numerous genomic sites. For example, it has been known for some time that G-rich regions in nascent transcripts favor R-loop formation due to the exceptional stability of rG:dC base pairs (Sugimoto et al. 1995) . While stable R loops have only been detected under physiological conditions in S regions of Ig genes, which indeed produce G-rich transcripts, there are, of course, numerous G-rich motifs with various densities and lengths spread throughout all genomes. It is thus likely that R-loop formation and interference with replication fork progression, and thus DNA DSBs and rearrangements, can occur at numerous transcribed regions. This highlights the importance of understanding in more detail the molecular determinants and pathological consequences of transcriptional R-loop formation, including its possible role in human disease.
Materials and methods

Strains, plasmids, and media
Bacterial strains used in this study are summarized in Supplemental Table S1 . Mutations were introduced by P1 transduction (Miller Figure 7 . Mechanisms employed by cells to resolve transcription-induced R loops, and pathways by which R loops can lead to genomic instability. (Top) Cells have developed multiple protection systems to avoid the accumulation of transcription-induced R loops. For example, Top I suppresses R-loop formation by relieving negative supercoils behind RNAP, which can facilitate reannealing between the nascent transcript and template DNA strand. The tight coupling between transcription and various cotranscriptional processes keeps nascent RNA away from DNA as soon as it emerges from the polymerase. The activities of RNase H and perhaps RNA helicases, such as Sen1 in yeast, can disrupt R loops that form despite the above defense mechanisms. If R loops nonetheless persist, they can lead to DNA DSBs and rearrangements by two known mechanisms. One is an AID-dependent pathway that functions in active B cells. The other, as we showed here, is the creation of an impediment to replication fork progression, which constitutes a general and evolutionarily conserved mechanism underlying R-loop-induced genomic instability. 1992) or by using the l red recombinase-mediated gene targeting method (Datsenko and Wanner 2000) essentially as described.
To construct the pPtac vector, a fragment containing the lacI gene and P tac promoter replaced the araC gene and the P BAD promoter in the pBAD18 vector (Guzman et al. 1995) . A 1.2-kb fragment of the mouse Sg3 region was inserted into the pPtac vector in both orientations downstream from the P tac promoter, giving rise to the constructs pPtac-Sg3-F and pPtac-Sg3-R. Details of plasmid constructions are available on request.
E. coli cells were routinely grown in LB medium containing 1% Bacto Tryptone, 0.5% yeast extract (Difco), and 1% NaCl with appropriate antibiotics. The following antibiotics were used at the concentrations indicated: 100 mg/mL Amp, 34 mg/mL chloramphenicol, 30 mg/mL Kan, and 10 mg/mL Tet.
Measurements of SOS response by using the sulAp-gfp reporter system E. coli strain SMR8379 was kindly provided by Susan M. Rosenberg (Pennington and Rosenberg 2007) , which carries a chromosomally located gfp gene encoding GFP controlled by a SOS-inducible sulA promoter (Pennington and Rosenberg 2007) . Cells were transformed with pPtac-Sg3-F or pPtac-Sg3-R plasmid, respectively. Single colonies from each transformant was grown in LB medium until mid-log phase (OD 600 = 0.5). Cultures were continuously grown in the presence or absence of 1 mM IPTG for 30 min and recovered in LB medium without IPTG for 2 h. Filamentous growth and expression of GFP were monitored by Nikon ECLIPSE 90i fluorescence microscope essentially as described (McCool et al. 2004) . A Nikon DS-Qi1Mc CCD camera and NISElements D3.1 software were used for all image acquisition and processing. The image acquisition parameters for fluorescence were identical for all samples examined.
RT-PCR and LexA protein analysis
Cells were grown in LB medium until mid-log phase (OD 600 = 0.5) and treated with 1 mM IPTG for various times (indicated in the text). Cultures were transferred to LB medium without IPTG for 30 min and harvested for Western blot analysis and RT-PCR analysis as described (Li and Manley 2005) . Antibody against LexA protein was purchased from Thermo Scientific.
PFGE
Cells were grown in LB medium until mid-log phase (OD 600 = 0.5) and treated with 1 mM IPTG for 30 min at 37°C. For the dnaA(TS) mutant, a culture grown overnight at 30°C was used to inoculate two experimental cultures. One was grown until midlog phase at 30°C and the other was first grown until early-log phase at 30°C (OD 600 = 0.2) and then shifted for 2.5 h to 42°C.
Samples for PFGE were prepared essentially as described, with several modifications (Herschleb et al. 2007) . Briefly, cells were washed and resuspended with TNE buffer (10 mM Tris, 200 mM NaCl, 100 mM EDTA at pH 7.2). After cells were incubated for 5 min at 37°C, an equal volume of 1.2% LMP agarose was added to each cell suspension, and the mixture was pipetted into CHEF plug molds (Bio-Rad) and allowed to solidify at 4°C. Plugs were incubated in EC lysis buffer (6 mM Tris-HCl at pH 7.6, 1 M NaCl [w/v], 100 mM EDTA, 0.5% Brij-58 [w/v], 0.2% deoxycholate [w/ v] , 0.5% N-laurylsarcosine [w/v], 1 mg/mL lysozyme, 20 mg/mL RNase A) overnight at 37°C with gentle shaking. Plugs were then washed and incubated in NDSK buffer (0.5 M EDTA, 1% N-laurylsarcosine [w/v], 1 mg/mL Proteinase K) overnight at 50°C with gentle shaking. Plugs were washed three times with TE and subjected to digestion with proper restriction enzymes. Digested DNA fragments were separated by PFGE on a 1% agarose gel. PFGE was carried out on a CHEF-DRIIPFGE system (Bio-Rad) with the following parameters: The gradient voltage was at 6 V/cm. The included angle was 120°. The initial and final switch times were 2.2 sec and 54.2 sec, respectively. The total run time was 22 h at 14°C.
Southern blot analysis
Southern blot analysis was performed as described (Sambrook et al. 1989 ). 32 P-labeled RNA probes were prepared in an in vitro transcription reaction with T7 RNAP. Locations of probes are described in the text.
Recombination assay
Cells were grown in 2 mL of LB medium to an OD 600 of 0.5. After continuously growing in the presence of 1 mM IPTG for 30 min, cells were washed and grown in LB medium for 1 h at 37°C. Serially diluted cultures were plated on LB plates with or without 30 mg/mL kanamycin to determine the number of cells plated and the number of Kan-resistant cells. Surviving colonies were scored, and the relative rate of recombination was calculated as Kan + recombination frequency = (kanamycin-resistant colonies observed)/(number of cells plated).
Isolation of replication intermediates
Plasmid replication intermediates were isolated essentially as described (Martin-Parras et al. 1991) . Briefly, cells from overnight cultures were inoculated in LB medium and grown to an OD 600 of 0.6 at 37°C. After treatment with or without IPTG for 30 min, the culture was cooled rapidly with ice-cold 0.9% NaCl (w/v) solution and collected by centrifugation. The cell pellet was lysed in 4 mL of lysis buffer (1% Brij-58 [w/v], 0.4% sodium deoxycholate [w/v], 63 mM EDTA, 50 mM Tris-HCl at pH 8.0). After incubating on ice for 10 min, the lysate was centrifuged at 30,000g for 1 h at 4°C. Plasmid DNA was precipitated from the supernatant by 8 mL of precipitation solution (1.5 M NaCl, 25% PEG8000). The precipitated DNA pellet was dissolved in 300 mL of TE and treated with RNase A for 20 min at 37°C. Coprecipitated proteins were hydrolyzed in a deproteinization solution (1 M NaCl, 10 mM Tris-HCl at pH 9.0, 1 mM EDTA, 0.1% SDS [w/v], 100 mg/mL proteinase K) for 20 min at 65°C, followed by a phenol/chloroform extraction. Plasmid DNA was then precipitated with ethanol.
2D gel electrophoresis
Replication intermediates were doubly digested by CaiI and PstI (Fermentas) and precipitated with ethanol. DNA was first separated in a 0.4% agarose gel in 13 TBE buffer at 1 V/cm for 34 h at room temperature. The slice of the gel containing all of the linear replication intermediates was excised and implanted into a 1% agarose gel with 0.3 mg/mL ethidium bromide. The second direction of electrophoresis was run at a 90°angle with respect to the first direction in 13 TBE buffer at 6 V/cm for 12 h at 4°C with continuous buffer recirculation.
DNA combing analysis
Cells were sequentially labeled with 100 mM CldU (30 min) and 100 mM IdU (30 min). Genomic DNA was extracted, stained, and combed as previously described (Michalet et al. 1997) . After stretching, the DNA was denatured in alkali-denaturing buffer (0.1 N NaOH in 70% ethanol and 0.1% b-mercaptoethanol) for 15 min and fixed by addition of 0.5% glutaraldehyde for 5 min. Halogenated nucleotides were detected with a mouse anti-IdU monoclonal antibody (Becton Dickinson) or a rat anti-CldU monoclonal antibody (Accurate). DNA were detected with a mouse antihuman ssDNA monoclonal antibody (Chemicon). Alexa Fluor 488-conjugated goat anti-mouse, Alexa Fluor 568-conjugated goat anti-rat, and Alexa Fluor 647-conjugated goat anti-mouse antibodies were all purchased from Invitrogen.
Indirect immunofluorescence analysis
HeLa or HeLa mAG-hGEM cells were grown on glass coverslips and transfected with siNC or siSRSF1. At 48 h after transfection, cells were pulse-labeled with 10 mM EdU for 30 min. DT40-ASF were grown in the presence or absence of tet for 44 h and pulselabeled with 10 mM EdU for 30 min.
Cells were harvested and then fixed for 15 min with 3.7% formaldehyde at room temperature followed by two PBS washes. Fixed cells were permeabilized with 0.5% Triton X-100 in PBS for 5 min and blocked for 30 min in blocking solution (5% normal goat serum, 5% BSA in PBS). Coverslips were then incubated with primary antibodies for 60 min at room temperature. After PBS washes, the coverslips were incubated with proper fluorescencelabeled secondary antibody for 60 min at room temperature and washed three times with PBS. The coverslips were mounted with the prolong gold anti-fade reagent (Invitrogen). The presence of EdU was monitored by Click-It Chemistry (Invitrogen). Antibodies were purchased from Millipore (anti-g-H2AX) and Invitrogen (anti-SRSF1).
